Introduction
widely used in SLS. It has good ductility, good abrasion resistance, and good specific strength, but lacks in heat resistance and flame retardancy. These shortcomings are often required properties for performance driven applications. Traditional flame retardant additives require large loadings (>30 wt.%) to be effective and halogenated flame retardant raise health concerns [7, 8] . Studies have shown that the addition of non-halogenated phosphorus based flame retardant additives and nanomaterials to PA11 can effectively enhance these properties to a desired level which may result in additional market opportunities for PA11 manufacturers [9] .
Mechanism
Flame retardant polymer nanocmposite systems have been studied extensively in the past decade. Camino and coworkers studied the flame retardant properties of EVA/ layered silicated nanocomposites and proposed that the char formation was reinforced by the migration of the clay platelets during the decomposition process [10] . Although the addition of nanoparticles could effectively reduce the heat release rate in cone calorimetry tests, it usually does not perform well in tests like UL 94 and LOI as the char layer could not extinguish the flame [7] . Synergistic effect between nanoparticles and flamer retardant additives have been reported [11] . Samyn and Bourbigot did an extensive study on the effect of organomodified nanoclay on the aluminum phosphinate (AlPi)/melamine polyphosphate (MPP) system [12] . The TGA results suggested the presence of nanoclay decreased the decomposition temperature of AlPi-MPP. The modified nanoclay acts as oxidation catalyst for the phosphinates. Lao et al. [9] have shown that low amounts of nanoparticles enhance some of the mechanical properties, but lack fire retardancy when compared to flame retardant thermoplastics with conventional fire retardant additives (FR). Lao et al. [13, 14] have also shown that PA11/NC and PA11/CNFs exhibited better flammability and thermal properties than the neat PA11. However, the elongation at break was significantly decreased by both the NC and CNFs. Hao et al. [15] studied PA11, FR, and halloysite nanotubes (HNTs) nanocomposites via twin-screw extrusion melt compounding. There was an improvement in mechanical strength, stiffness, and toughness by modifying PA11 with HNTs. In addition, the formula with 25 wt.% FR and 2.5 wt.% HNTs possessed low flammability and an elongation at break of 10.22%. The FR and HNTs proved to be effective in reducing thermal combustion activity. The results show that the PA11/FR/HNT nanocomposites are effective enough to be valuable for high-performance compositions for the SLS process. On the other hand, Ong et al. [16] successfully built PA11/MWNT test SLS specimens. From this study, it was concluded that the SLS nanocomposite parts of PA11/MWNT with 2 wt.% MWNT loading achieved enhanced electrical conductivity when compared to neat PA11 with minimal losses in material strength.
Previous studies by Lao et al. have shown that only 20 wt.% of FR additive achieves desirable flammability properties, however, it comes with the elongation at break property significantly decreasing [9, [17] [18] [19] [20] [21] [22] . Wu et al. [23] [24] [25] recently showed that SEBS elastomers could effectively improve the material's toughness without compromising flammability. Wu et al. successfully reinforced PA6 with the same FR additive and thermoplastic elastomer used in this study, showing that the elastomer effectively recovered the elongation at break to over 100% [26] .
For this research, formulations with improved flammability properties as well as improved mechanical properties, but more specifically, improved elongation at break is sought. To achieve this, formulations containing multiple components of NC, MWNTs, FR additive, and an elastomer were blended together with PA11 to investigate. The purpose is to improve the flammability properties while maintaining acceptable levels of mechanical properties gained by adding an elastomer component. This research is intended for the formulation selection for the SLS process.
Experimental

Materials
Based on the previous studies discussed in the literature review section, the following materials were selected as candidates for PA11 polymer nanocomposite formulations with improved elongation at break and flammability properties.
Polymer Resin
The base polymer used in this study is Rilsan® PCG LV polyamide 11 manufactured by Arkema Technical Polymers (Lacq, France). PA11 is a high-performance polymer of 100% renewable origin with good abrasion resistance, crack propagation, heat resistance, ductility, and easy processing. PA11 has a melting temperature of 189°C.
A commercially available FR polyamide 11 from Advanced Laser Materials (ALM) was used in this study for comparison purpose. All the data used in this report are from the company's published data sheet. A halogenated FR containing bromine was used in the ALM's FR PA11 [27] . SEBS-G-MA copolymer, Kraton FG1901 G (denoted as "K"), was provided from Kraton Polymers Inc. (Houston, TX, USA). K is a clear triblock copolymer based on styrene and ethylene/butylene with a polystyrene content of 30% and has an elongation at break of 500%.
Nanoparticles
Cloisite® 30B was provided by Southern Clay Products. Cloisite® is often used as an additive for plastics to improve various plastic physical properties, such as heat deflection temperature, coefficient of linear thermal expansion, and can be used to form a barrier. Thermosetting and thermoplastic nanomodification is well documented by Koo [28, 29] . In order to achieve the potential improvements by the addition of the nanoparticles in the polymer matrix, usually, the nanoparticles require a uniform dispersion, which is achieved by optimized processing.
Flame Retardant Additive
The FR additive used for this study is Exolit® OP1312 provided by Clariant International Ltd. (Switzerland). This white powder intumescent FR additive is based on organic phosphinates, and it contains phosphorus and other proprietary FR components. It is not halogenated and has good thermal stability. A thermoplastic polymer with Exolit® OP1312, when exposed to a flame, foams and crosslinks to form a stable char that acts as a barrier.
Processing and Specimens Preparation
Throughout this research, a total of two sets of formulations were melt-blended with different concentrations of FR, elastomer, nanoclay, and PA11 as shown in Table 1 and 2 using a Thermo Scientific Process 11 Parallel Twin Screw Extruder. For the first study, a total of six formulations were melt-blended with a constant concentration of 20 wt.% of FR additive and different loadings of elastomer as shown in Table 1 . To examine the effect of nanoparticles, the second set of formulations contained: FR additive, elastomer and nanoclay.
The specific operating conditions for each of the meltblended batches are shown in Tables 3 and 4 . PA11 was dried at 80°C for 24 hours prior to processing. The FR additive, elastomer, and nanoclay were used as received. To ensure a homogenous dispersion, each formulation was pre-mixed by physical stir mixing prior to meltcompounding. The extruded formulations were made into small pellets and air cooled and dried at 80°C for 24 hours before injection-molding. Tables 3 and 4 show the processing conditions for each set in this study, which include the feeding rate of the material, the twin-screw speed, the temperature between the different sections in the twin-screw, the Mini-Jector temperature at three different locations, and the mold temperature.
Property Characterization
Thermal Stability
Thermal stability is a substance's resistance to permanent property changes caused solely by heat. Thermogravimetric analysis (TGA) is a commonly used metric to assess the thermal stability of polymers, namely decomposition temperature. Thermal decomposition of each polymer blend was assessed by a TGA-50 from Shimadzu Scientific Instruments, which measures the mass of the sample as a function of temperature in a closed nitrogen environment. The samples were heated in a nitrogen environment from room temperature to 1000°C at a heating rate of 10°C/ min. The nitrogen flow was 20 ml/min. A single TGA test was performed on each formulation and was used to determine the decomposition temperatures at 10% and 50% mass loss (T 10% and T 50% , respectively).
Flammability
Micro-scale Combustion Calorimetry (MCC)
A Micro-scale Combustion Calorimeter (MCC2, Daetek, Inc.) was used to measure the thermal combustion properties according to ASTM D7309-2007. The combustor temperature was held constant at 900°C and the heating rate of the pyrolysis was 1°C/sec. The percentage of oxygen consumption was measured to calculate the heat release [30] . The values for the peak Heat Release Rate (pHRR) and Heat Release Capacity (HRC) were obtained from an analysis software that comes with the MCC instrument by Daetek. The HRC is calculated by dividing the pHRR with the actual heating rate.
UL 94
UL 94 is a standard, small scale, flame test for flammability of plastic materials, which determines the material's tendency to either self-extinguish or to spread the flame once the specimen has been ignited. This test is a preliminary indication of a plastic's acceptability for its use as a component of a device or appliance. There are three ratings, V-2, V-1, and V-0, where V-0 is the best. These ratings indicate that the material was tested in a vertical position, the time it took to self-extinguish, and whether or not the test specimen dripped flaming particles that ignited a cotton indicator below the sample. For this study, the UL 94 testing requirements and procedures were followed even though our lab is not officially certified for UL 94 testing. As a consequence, the results serve only as a screening tool. The materials were conditioned for 48 hours at 25°C and 50% relative to humidity before testing. A total of five 125 mm x 13 mm x 3 mm specimens were tested for each blend.
Tensile Tests
The tension tests were performed using an Instron Tension Tester with model number 5966. The crosshead speed was 5 mm/min and the gauge length was 115 mm. Prior to testing, the samples were conditioned at 25°C and 50% relative humidity for 48 hours. The average values and standard deviation (SD) of the tensile properties were calculated by testing 5 specimens for each formulation.
Morphological Microstructural Analysis
The cross-sections of PA11 nanocomposites were examined using SEM to investigate the material morphology. The fractured surface of the post-test tensile specimens of two of the formulations with the best flammability properties were analyzed using FEI Quanta 650 ESEM to gain a better understanding of how the additives affect the structure and properties of the nanocomposite material.
In the same way, another microstructural analysis will be conducted on post-test UL 94 specimens to gain a better understanding of the char layer's protective mechanism.
Results and Discussion
Thermal Stability Analysis
All FR-modified formulations have slightly different degradation curves as seen in Figure 2 . The results from the TGA analysis indicate that all formulations with FR additives have lower onset degradation temperature when compared to both neat PA11 and elastomer. The elastomer itself has higher onset degradation temperature than PA11 and all FR-modified formulations. Therefore, the elastomer is more thermally stable than all formulations before 450°C, then it starts to degrade at a faster rate. The decomposition temperatures for both 10% and 50% mass loss, T 10% and T 50% , were measured and summarized in Table 5 . The T 10% for neat PA11 and elastomer are 403°C and 445°C, respectively. PA11's T 10% is slightly higher than the formulations with 0 wt.%, 5 wt.% and 15 wt.% elastomer by about 3 to 6°C. The formulations with 10 wt.% and 20 wt.% elastomer show a slight increase in T 10% of about 1 to 3°C when compared to neat PA11. K's T 10% is significantly higher than all other formulations. The T 50% for neat PA11 is 438°C, which is lower than all other formulations containing FR and elastomer. After heating the materials to 1000°C, neat PA11 has only 0.88% of char residue left whereas the char residue for all other formulations with FR additive significantly increased to about 6-7 wt.%. Elastomer's T 50% is 478°C, which is about 20°C higher than all other formulations, and it has no char residue left, which can explain why the concentration of K appears to have very little effect on the amount of char formation. Overall, the elastomer appears to have very little effect on the thermal degradation behavior of the blends.
The data gathered for PA11 and formulation #4 (70N_20FR_10K) are plotted against the nanocomposite formulations for comparison since PA11 is our control and a 10 wt.% of elastomer was kept constant in every formulation. The results from the TGA analysis indicate that all formulations with FR additives and NC have lower onset degradation temperature than neat PA11 and about the same as formulations with only FR and elastomer. All FR/K/NC-reinforced PA11 formulations have almost identical degradation curves as shown in Figure 3 . The decomposition temperatures for both 10% and 50% mass loss, T 10% and T 50% , were inferred and summarized in Table  6 . All FR/K/NC-reinforced PA11 formulations are more thermally stable than PA11 and formulations without nanoclay.
The T 10% for neat PA11 and formulation #4 are 403°C and 405°C, respectively, which are higher than the rest of the formulations except for formulation #8 (67.5N_17.5FR_10K_5NC). Formulation #9 (65N_20FR_10K_5NC) has the lowest T 10% at 383°C. The T 50% for neat PA11 is 438°C, which is lower than all other formulations. Similarly, T 50% for formulation #4 (70N_20FR_10K), although higher than neat PA11, is lower than all FR/K/NC-reinforced PA11 formulations by about 20°C. After heating the materials to 1,000°C, neat PA11 has only 0.88% of char residue left whereas the char residue for all other formulations were significantly increased. The nanoclay did have an effect in char residue. The formulation without nanoclay had a char residue of 7.5% whereas the ones with nanoclay had an increase in char residue ranging from 9.5% to 15.3%. The concentration of nanoclay and FR also increases the char residue of the material. Formulations with higher concentrations of FR, nanoclay, or both had higher char residue. Formulation #12 (62.5N_20FR_10K_7.5NC) has the highest char residue. 
Flammability Analysis
MCC
Neat PA11 has a much lower HRC and pHRR than neat Kraton elastomer as shown in Figure 4 and Table 7 . Consequently, it is expected that the elastomer would negatively affect the flammability properties of PA11 composites. The MCC results confirmed this hypothesis for all formulations containing the elastomers: the HRC for all the formulations with elastomer are higher than the one with just FR (80N_20FR). The addition of 20 wt.% FR brought the heat release capacity and peak heat release rate of PA11 to a low value of 577 J/g-K and 673 W/g, respectively, indicating the positive effect it has on decreasing the flammability of PA11. The formulation with 15 wt.% elastomer has the highest HRC value among formulation #3-6 and as the concentration of elastomer reaches 20 wt.%, the HRC decreased. Furthermore, it is worth noticing that the pHRR for all FR formulations occurred at similar temperature range as the neat PA11. The MCC results for the formulation #3-6 indicate that elastomer will deteriorate the flammability of the intumescent FR PA11 system. From Figure 5 and Table 8 , the addition of nanoclay slightly reduces the pHRR and HRC of the formulations when compared to formulation #4 (70N_20FR_10K). The ALM's formulation has a pHRR of about 605 W/g, which is similar to formulation #12 (62.5N_20F_10K_7.5NC). However, the heat release curve for the ALM materials is broader and appears to have two heat release peaks, one at around 400°C and one at around 440°C. It is noticed that the pHRR temperature of the ALM material occurs at 440 o C while the FR PA11 nanocomposite formulations occur at around 480 o C ( Figure 5 ). This indicates that the halogenated FR additive used in the ALM FR PA11 has lower thermal stability. Comparing formulation #7-12, the higher concentration of FR, nanoclay, or both seems to yield a lower pHRR and HRC. Formulation #12 with 20 wt.% FR, 10 wt.% elastomer and 7.5 wt.% naonclay have the lowest HRC of 563 J/g-K, a 49% reduction from the neat PA11.
UL 94
UL 94 test results for sample #1-6 are summarized in Table 9 . Formulation #2 (80N_20FR) passed the V-0 rating while formulation #3 and 4 were rated as V-1 and #5 and 6 were rated V-2. This result is consistent with MCC results as the #2 have the lowest HRC value and all other formulations with elastomer have higher HRC. Figure 6 shows picture of the post-test UL 94 specimens. Neat PA11 dripped during the burning process and ignited the cotton underneath the sample whereas sample #2-4 exhibit nondrip characteristics. The char length for sample #5 and 6 is significantly longer than sample #3 and 4 which has a better UL 94 rating. Table 10 summarizes the UL 94 test results of the formulations #7-12. All nanocomposite formulations passed the V-1 rating. With different flame duration time, all formulations were able to achieve self- extinguishing property and none of the nanocomposite formulations dripped during combustion. Comparing within the nanocomposite formulations, sample #12 (62.5N_20FR_10K_7.5NC) have the shortest first flaming combustion duration. It is noticed that while the samples were burned, a very small portion of the sample remained burning before self-extinguishing, which result in longer flame duration and thus a V-1 rating. Figure 7 shows image of the samples after the UL 94 test, which visually correlates with the flame duration before self-extinguish.
A noticeable difference between sample #4 and the nanocomposite samples is the color of the char surface. Sample #4 with just FR and elastomer yield yellow char surface while the clay nanocomposite samples have black char surface. It is therefore suspected that the black color results from the degradation of the surfactant on the organo-modified nanoclay [12] . Table 11 summarizes the mechanical properties of the PA11/FR/K blends, the elastomer, and ALM's FR PA11. It is known from previous studies that the addition of FR additives and nanoparticles into the polymer matrix has a deleterious effect in the elongation at break, which is typically decreased by more than 90% [13, 15, 16, 31] . The values for the elastomer shown in Table 11 were gathered from the technical data sheet provided by the manufacturer where the properties were determined on a film cast from toluene solution and were used for comparison purposes in this analysis. Similarly, the mechanical properties of ALM's material were gathered from the technical data sheet provided by the manufacturer where the properties are based on SLS parts while our data is based on injection molding [27] .
Mechanical Properties
As expected from the literature, the elongation at break of PA11 was significantly reduced from 164% to about 6% by the addition of 20 wt.% FR. The elastomer has an elongation at break of about 500% and improvements in the elongation at break of PA11 were achieved by varying the concentration of the elastomer. Elastomer at 5 wt.% loading slightly increased the elongation at break from 6.32% to 9.35%. The most significant result came from elastomer at 20 wt.% loading with an elongation at break of 40.1%. In contrast, as the concentration of elastomer increased in the polymer matrix, the tensile strength of PA11 decreased from 48.5 MPa to 26.9 MPa. Due to the presence of large FR particles, this value is even lower than the neat elastomer value of 34.5 MPa. ALM's FR PA11 material has higher tensile strength than all of our formulations and higher elongation at break than all our formulations except formulation #6 (60N_20FR_20K). Table 12 summarizes the room temperature mechanical properties of blends containing FR, K, and NC. From our previous study, it was shown that 20 wt.% FR 
Morphological Microstructural Analysis
After completion of both the UL 94 and tensile tests, the char and fracture surface morphology of formulation #4 (70N_20FR_10K) were examined by SEM. Representative images for both post UL 94 and fracture surface are shown below in Figures 8 and 9 , respectively. Figure 8 shows the formation of a solid char layer that acts as a heat shield to protect the polymer matrix from further combustion. The FR's resistance to combustion, prevent both the PA11 and elastomer from burning which causes it to expand and create bubbles in the material. Figure 9 shows the fractural surface of formulation #4 (70N_20FR_10K). From the SEM, FR additives are embedded in the polymer matrix acting as defects or weak points. These defects create voids, which can help explain the decrease in strength and elongation at break. From the SEM, we were unable to analyze the microstructural mechanisms of elastomers.
brings the elongation at break down to 6%. The addition of 10 wt.% elastomer brought the elongation back to 17%. It was of interest to see how the elongation at break would be affected by the nanoclay since it is also known that nanoclay has a negative effect on elongation at break. The addition of nanoclay improved the modulus by almost 50% with formulation #12 (62.5N_20FR_10K_7.5NC) having the highest modulus. The tensile strength does not change with different concentrations of FR and nanoclay, but it is lower than neat PA11. Elongation at break was drastically affected by the addition of nanoclay. The higher the concentration of nanoclay, the lower the elongation at break with readings as low as 3%, which is even lower than the 6% obtained in our previous study. ALM's material has higher tensile strength and elongation at break than all of our formulations. A more appropriate comparison between ALM's and our formulations can be made when SLS specimens are made with these formulations. a balanced performance between flammability and tensile properties, the synergetic effect between different nanoparticles such as MWNTs will also be explored.
For the nanocomposite formulations, the one with the overall best mechanical and flammability properties was chosen for SEM imaging. Representative images for both post UL 94 and fracture surface of formulation #8 (67.5N_17.5FR_10K_5NC) are shown in Figures 10 and 11 , respectively. Figure 10 shows the post UL 94 testing SEM images. From the SEM, it can be seen that a large amount of bubbles were created by the FR's inherent mechanism to resist combustion. The fractural surface of formulation #8 (67.5N_17.5FR_10K_5NC) can be seen in Figure 11 . A large amount of voids can be seen throughout the cross section of the specimen, which can help to explain the drop in strength and elongation at break.
Conclusion
A feasibility study was performed to explore and analyze the effects of flame retardant, elastomer, and nanoclay have on the PA11 matrix through the twin-screw extrusion method. Two sets of formulations were prepared: the first set (formulations #2 to #6) was to examine the effect of elastomers on flammability and mechanical properties.
Based on the results from the first set, the second set of formulations (#7 to #12) added various amount of nanoclay. Thermal, flammability, mechanical properties, and morphological microstructural analysis were performed. TGA analysis shows that the concentration of the elastomers does not affect char formation and the thermal degradation behavior of the blends. Flammability results show that elastomer has negative effect on the peak heat release rate and heat release capacity of PA11. The formulation with 20 wt.% FR and 10 wt.% elastomer appears to be the best in terms of flammability and mechanical properties with an elongation at break of 17% and a V-1 UL 94 rating. The addition of 20 wt.% elastomer brought back the elongation at break up to 40%.
For the second set of formulations (#7 to #12), the addition of nanoclay and the FR additive gives a higher char residue when compared to neat PA11. In addition, nanoclay brought the peak heat release and heat release capacity lower and closer to the commercially available ALM's FR PA11 powder. A 49% reduction in heat release capacity was achieved, however, the MCC results do not correlate well with the UL 94 test results, none of the formulations in this study achieved a V-0 rating. The addition of nanoclay improved the tensile modulus by up to 78%, the elongation at break property for all the formulations were negatively affected by nanoclays.
For future work, the dispersion of the additives will be examined carefully. In addition, in order to obtain
